A dual-frequency direct detection Doppler lidar is demonstrated using a superconducting nanowire single-photon detector (SNSPD) at 1.5 μm. The so-called double-edge technique is implemented by using a dual-frequency laser pulse, rather than using a double-channel Fabry-Perot interferometer. Such a modification to the reported lidars enhances the frequency stability in the system level. Using the time-division multiplexing method, only one piece of SNSPD is used in the optical receiver, making the system simplified and robust. The SNSPD is adopted to enhance the temporal resolution since it offers merits of high quantum efficiency, low dark count noise, no after-pulsing probability, and a high maximum count rate. Two telescopes that point westward and northward at a zenith angle of 30°are used to detect the line-of-sight wind components, which are used to synthesize the horizontal wind profile. Horizontal wind profiles up to an altitude of about 2.7 km are calculated with vertical spatial/temporal resolution of 10 m/10 s. Wind dynamic evolution and vertical wind shears are observed clearly. The detection of atmospheric hazards such as wind shear, wake vortex, and clear air turbulence is of importance for flight safety and increasing airport capacity [1] . Doppler wind lidar is an effective instrument to make range-resolved wind detection via Mie or Rayleigh backscattering in clear-air conditions [2, 3] . For the past few decades, coherent detection lidars (CDLs) using either continuous wave or pulsed lasers, have been demonstrated for the detection of wind shears [4,5], aircraft wake vortices [6, 7] , turbulences [8, 9] , microbursts and wind gusts [10] , and gravity waves [11] .
A dual-frequency direct detection Doppler lidar is demonstrated using a superconducting nanowire single-photon detector (SNSPD) at 1.5 μm. The so-called double-edge technique is implemented by using a dual-frequency laser pulse, rather than using a double-channel Fabry-Perot interferometer. Such a modification to the reported lidars enhances the frequency stability in the system level. Using the time-division multiplexing method, only one piece of SNSPD is used in the optical receiver, making the system simplified and robust. The SNSPD is adopted to enhance the temporal resolution since it offers merits of high quantum efficiency, low dark count noise, no after-pulsing probability, and a high maximum count rate. Two telescopes that point westward and northward at a zenith angle of 30°are used to detect the line-of-sight wind components, which are used to synthesize the horizontal wind profile. Horizontal wind profiles up to an altitude of about 2.7 km are calculated with vertical spatial/temporal resolution of 10 m/10 s. Wind dynamic evolution and vertical wind shears are observed clearly. The detection of atmospheric hazards such as wind shear, wake vortex, and clear air turbulence is of importance for flight safety and increasing airport capacity [1] . Doppler wind lidar is an effective instrument to make range-resolved wind detection via Mie or Rayleigh backscattering in clear-air conditions [2, 3] . For the past few decades, coherent detection lidars (CDLs) using either continuous wave or pulsed lasers, have been demonstrated for the detection of wind shears [4, 5] , aircraft wake vortices [6, 7] , turbulences [8, 9] , microbursts and wind gusts [10] , and gravity waves [11] .
In order to detect small-scale and fast wind evolution, both high spatial and high temporal resolutions are of key importance. For example, for estimating the aircraft wake vortex parameters, the spatial resolution should be less than the wingspan of the aircraft [12] , on the order of a few to tens of meters. To improve the spatial resolution of a CDL, a laser pulse with narrower duration is generally used, at the sacrifice of the heterodyne efficiency, due to the spectrum broadening of the short laser pulse [13] . One should note that the direct detection lidar (DDL) can retrieve the Doppler shift carried on an atmospheric backscattering with a very broad spectrum. For example, even the bandwidth of the Rayleigh backscattering approaches a few gigahertz at 355 nm (full width at halfmaximum FWHM 3.8 GHz at 290 K), and a wind field in the mid-altitude can be detected [3, 14, 15] . In fact, a DDL can achieve high spatial resolution wind detection by optimizing the response function of a frequency discriminator for a short laser pulse.
In the DDL, the so-called double-edge technique is widely used to detect the Doppler shift. A multi-channel Fabry-Perot interferometer (FPI) is commonly used to realize the doubleedge technique [2, 3, 14, 15] . However, the common usage of a free-space FPI leads to great challenges, including complications in manufacturing, difficulty in precise alignment and parallelism controlling, and instability in harsh environments. To solve this problem, a convert single-channel all-fiber FPI has been demonstrated recently [16] . The transmitted and reflected backscattering signals from the FPI are detected. However, the background noises, including solar background noise and amplified spontaneous emission (ASE) noise of the laser are not suppressed in the reflection channel of the FPI. As a coaxial telescope is used, the ASE noise will be reflected from the mirrors into the detector, so that the laser should be purified [16] . Note that, in order to realize the double-edge technique with only one transmission function of a single-channel FPI, a scheme that uses a dual-frequency laser has been proposed and simulated at 852 nm [17] . Since the transmission channel of the FPI can provide bandwidths as narrow as about 100 MHz, the background noise can be further filtered after passing through the FPI [18] . In this Letter, the dual-frequency scheme is adopted to realize wind detection with a superconducting nanowire single-photon detector (SNSPD) at 1.5 μm. As the detector is considered, an InGaAs avalanche photodiode is widely used for 1.5 μm detection. However, it suffers from low efficiency (10%), high noise (950 cps), low maximum count rate (1.6 Mcps), and high after-pulsing possibility (18%), and a specific algorithm should be performed for after-pulse and count rate corrections in lidar applications [19] . Thanks to the high quantum efficiency (60%) and low dark count rate (300 cps) of the SNSPD [20] , the weak backscattering can be detected with a high signal-to-noise ratio. Another attractive feature of the SNSPD is its high maximum count rate, which is of importance for lidar applications because the atmospheric backscattering decays rapidly along a detection range, making the backscattering have a large dynamic range. Therefore, a high maximum count rate can avoid detector saturation, particularly in the near range. Figure 1 presents two different schemes to realize the double-edge technique. As shown in Fig. 1(a) , the commonly used scheme adopts a twin-channel FPI, serving as a frequency discriminator. The frequency of the outgoing laser is locked at the cross-point of the two transmission curves. By measuring the transmission changes of the Mie backscattering signals through the two channels of the FPI, a Doppler shift can be retrieved. In this Letter, the double-edge technique is realized with a dualfrequency laser that alternates the outgoing laser pulse on either the rising or the falling edges of a single-channel FPI, as shown in Fig. 1(b) . Note that, in the twin-channel scheme (or two FPI scheme), the frequency separation of the two transmission curves is affected by many factors, such as the angle of the incident light, the parallelism error of the plates, and the temperature gradient and pressure fluctuation inside the FPI [2] . In contrast, in this dual-frequency scheme, the frequency offset of the laser pulses is determined by the radio-frequency (RF) frequency fed to an acousto-optic modulator (AOM), where a frequency accuracy of kilohertz is realized.
A schematic diagram of the Doppler lidar using a SNSPD (single quantum, Eos 210C) is shown in Fig. 2 . The continuous-wave (CW) laser at the wavelength of 1548.1 nm is alternatively switched between a tunable attenuator (TA 1 ) and a fiber-coupled AOM by an optical switch (OS 1
The time between individual pulses is set to be 27 μs, which corresponds to the maximum unambiguous detection range of 4.05 km. The laser pulse is amplified by a pre-amplifier (pre-erbium-doped fiber amplifier [EDFA]). The ASE emission from the pre-EDFA is filtered out by inserting a fiber Bragg grating (FBG) with a bandwidth of 8 pm.
As shown in Fig. 3 , the period of the EOM is set to a quarter of the period of the AOM, which has the same period as the OS 1 . In this Letter, one cycle of wind detection consists of four pulses. The odd pulses picked out by the OS 2 are amplified by the EDFA 1 and sent to the atmosphere through the westward telescope, while the even pulses selected by OS 2 are amplified by another EDFA 2 before sending to northward telescope. The two telescopes that point to different directions at the zenith angle of 30°are used to detect the orthogonal components of the horizontal wind. The pulse energy is set to 50 μJ. The FWHM of the laser pulse is set to 77 ns. Taking the zenith angle into account, the vertical spatial resolution is 10 m. Since the OS 2 is used to alternate the outgoing laser pulse between the two telescopes, only one SNSPD can realize the atmospheric wind detection. Compared with the lidar system that uses a set of telescope and scanner [16] , such an optical layout saves time in mechanical scanning process.
As shown in Fig. 3 , the atmospheric backscattering signals collected by the telescopes (80 mm diameter), labeled as N f s ;W, N f s ;Ñ, N f 0 ;W, and N f 0 ;Ñ, are selected by OS 3 and fed to the optical receiver in sequence. Here, the OS 3 is used instead of using a 3 dB fiber coupler, since the optical switch provides a −35 dB suppression of the background noise from the other telescope. It only introduces an insertion loss of 0.8 dB.
A small fraction of the laser energy is split out and attenuated to a single-photon level as a reference laser. The background noise is filtered out by inserting an interference filter (IF) with a bandwidth of 0.3 nm. An all-fiber lensless FPI with a free spectral range of 4.02 GHz is used as a frequency discriminator. A line-of-sight wind velocity of 1 m/s will cause a Doppler shift in frequency domain of 1.29 MHz at 1548 nm. The FWHM of the FPI is 97.6 MHz, which is optimized to cover a dynamic range of about 35 m∕s for wind measurement in the atmospheric boundary layer [21] . The frequency scanning of the FPI can be achieved by scanning its cavity length at a fixed laser frequency [2, 22] . A stacked piezoelectric transducer (PZT) that axially strains a single-mode fiber inserted in the cavity will change the cavity length. The transmitted backscattering signals through the FPI are coupled into the SNSPD, which has a detection efficiency of 60% and a dark count rate of 300 cps. The TTL signals corresponding to the photons received on the SNSPD are recorded on a multichannel scaler (MCS) and then processed in a computer.
In this Letter, the response function is defined as
where T 0 v and T s v are the transmission functions of backscattering through the FPI when the non-frequency-shifted (f 0 ) and upshifted (f s ) lasers are used, respectively. By scanning the voltage fed to the PZT in the FPI, the transmission curves are measured by using the dual-frequency pulsed lasers over 10 days, as shown in Fig. 4(a) . The frequency in Fig. 4 is defined relative to the middle frequency of the dual-frequency laser. The frequency separation of the two transmission curves is equal to the frequency offset of the dual-frequency laser. The frequency offset of 80 MHz is determined by the RF frequency fed to the AOM. This value is adopted as a scale reference to perform the voltage to frequency conversion in the calibration. The measured transmission values are normalized and then fitted to Voigt functions. Two typical fitted curves are plotted in Fig. 4(a) . The fitting residuals are less than 2%, as shown in Fig. 4(b) . The mean FWHM of the fitting transmission curves is 98 MHz, with a relative error less than 0.1%. Taking into account this measurement precision in the calibration process, a systematic wind error less than 0.06 m/s is introduced in the frequency range of −45 to 45 MHz. [23] . To measure the wind speed, the frequency of the output laser is locked at the cross-point, where the sensitivity is maximized. A small fraction of the laser energy is split out as the reference signal, realizing a frequency locking of the laser to the FPI with a precision of 0.1 MHz (equals 0.08 m/s) over every second. Finally, the response values are calculated using Eq. (1) and plotted in Fig. 4(c) .
A field experiment was carried out at the campus of our university (31.843°N, 117.265°E). The experiment started at 17:00 and ended at 18:00 on March 15, 2017. The experimental raw data with 10 s temporal resolution are plotted in Fig. 5 . The intensity of the backscattering signals varies significantly over 1 h because the experiment was performed just before a thunder shower occurred at 18:00. The raw signals dropped suddenly at the altitude of about 1.5 km from 17:12 to 17:36 due to the sharp decrease in aerosol concentration. A nimbus cloud is detected at the altitude of about 2.6 km. Figure 6 shows a typical detection result. The error bars are calculated with an assumption that the detection noise is dominated by the photon-counting fluctuation following a Poisson distribution [2] . The tolerated error of the radial wind is 2 m/s in this Letter. The wind direction is defined as a clockwise angle with respect to the north direction. To validate the accuracy of the measurement, the horizontal wind results from the lidar are compared with the results from an ultrasonic wind sensor (Vaisala windcap WMT52), as we did in the previous work [16] .
The wind evolution in the atmospheric boundary layer before a thunder shower is captured. The horizontal wind speed and direction are calculated from the meridional wind and zonal wind, as shown in Fig. 7 . Note that, when retrieving the horizontal wind, the vertical wind should be taken into account. In this Letter, the wind is assumed to be horizontally homogeneous with a negligible vertical component. A nimbus at an altitude of 2.6 km comes from the north. The wind turns to the east beneath the nimbus. The layered dynamic structure of the nimbus is observed, with a speed higher than that just beneath the rain clouds.
In conclusion, a dual-frequency direct detection Doppler wind lidar, incorporating a SNSPD is demonstrated for wind detection up to an altitude of 2.7 km, with a 10 m vertical spatial and 10 s temporal resolution. A single-channel FPI and a dual-frequency laser are adopted to realize the doubleedge technique, incorporating a time-division multiplexing method. This scheme has excellent performance in suppressing the background noise and the ASE noise of the laser. Furthermore, such an implementation simplifies the system greatly and enhances its stability. In the field experiment, wind shear in speed and direction versus altitude are detected. Fig. 7 . One-hour observation results, from top to bottom: zonal wind, meridional wind, horizontal wind speed, and wind direction. 
